Objective. Chronic pain from rheumatic and musculoskeletal conditions is associated with cortical changes and altered tactile acuity. Tactile acuity is considered a clinical signature of primary somatosensory representation. The two-point discrimination (TPD) threshold is increasingly used both clinically and in research. Remarkably, the reliability and precision of the measure at commonly used sites has not been determined. This study aimed to determine the utility, intra-and inter-rater reliability, bias and variability of TPD threshold assessment at the neck, back, hand and foot using mechanical callipers.
Introduction
Two-point discrimination (TPD) has been used extensively in clinical practice to evaluate the severity of peripheral nerve injuries and monitor patient recovery and response to treatment [1, 2] . While dependent on innervation density and intact neural pathways, tactile acuity is also dependent on response profiles of primary sensory cortex (S1) cells and the sensory neuraxis [3] .
Altered response profiles of S1 neurones are termed cortical reorganisation. The discovery of consistent and substantial cortical reorganization in chronic rheumatic and musculoskeletal pain has led to widespread use of tactile acuity as a clinical signature of cortical reorganization [4] . The extent of tactile acuity impairment and the extent of cortical reorganization have been shown to directly relate to pain intensity in phantom limb pain [5] and complex regional pain syndrome (CRPS) [6] . Moreover, when patients recover, tactile acuity and cortical reorganization normalize [7, 8] . Decreased tactile acuity [9, 10] and cortical reorganization [11] have also been noted in chronic back pain and painful OA [12, 13] , where the extent of the changes has been associated with the duration of pain. Tactile discrimination training can normalize tactile acuity and cortical reorganization and, more importantly, reduce pain in phantom limb pain patients [14] and CRPS patients [15, 16] , and there is preliminary evidence to these effects in chronic low back pain too [17] (see [4] for review).
TPD assessment has been widely criticized for the unexplained variability observed within subjects, between subjects and between studies [18] . Despite this criticism and despite its growing popularity, TPD has not been thoroughly investigated. Proponents rely on reliability measures for the fingertip, which is not relevant for chronic pain states. Moreover, the data were obtained using the DiskCriminator [19] , an octagonal-shaped tool with standardized inter-stimulus spacings that range from 1 to 15 mm, or its crude alternative, the paperclip (see [20] for a review). The Disk-Criminator and the paper clip are inappropriate for assessment of the neck, back and feet, where TPD thresholds are thought to be notably larger [2123] .
The utility of any clinical measure depends on the cost of equipment and required clinician training. Hardwarestyle mechanical callipers provide a wide-range alternative to custom tools such as the Disk-Criminator for about 20% of the cost, but they have not been tested. The aim of this study was to determine in a large cohort of clinicians with variable experience and minimal training, in a clinically pragmatic fashion, the utility, intra-and interrater reliability, bias and variability of TPD threshold assessment at the neck, back, hand and foot using hardware-style mechanical callipers.
Materials and methods

Subjects and clinicians
In this study, the clinicians and the healthy volunteers were considered participants. For the sake of clarity, however, we refer to the healthy volunteer participants as subjects and the clinician participants as clinicians. A convenience sample of healthy subjects was sought via flyers and social media. Previous studies suggest tactile acuity is reduced in patients with neurological disease [19] , peripheral nerve injury [1] and chronic pain [6, 11] and, in healthy persons, diminishes over the age of 35 [24] . For this reason, subjects were excluded if they had current pain, neurological disease (or overt neurological signs), were unable to detect light touch or were over 35 years of age. For clinicians, physiotherapists were recruited from several practices within the metropolitan area as part of a separate project. Each physiotherapist had completed a 4-year bachelor programme in an Australian university and several clinicians had completed an additional masters programme in either sports physiotherapy or musculoskeletal physiotherapy. Previous experience in the assessment of TPD was not required. Clinicians completed a short questionnaire related to years and nature of their clinical experience.
Study design
Both intra-rater and inter-rater reliability were assessed at four locations on each subject. Clinicians and subjects were randomly assigned into seven groups of four (two clinicians and two subjects in each group). To establish intra-rater reliability, each clinician assessed one of the subjects twice, with a 30-min interlude between each assessment. To establish inter-rater reliability, each clinician assessed the other subject within the group prior to the interlude. That is, each clinician assessed the TPD thresholds of two subjects. Clinicians were instructed not to discuss the results with the other clinician or the subjects. Each measurement was recorded by the clinicians and collected by the authors immediately following each assessment. This study was conducted in compliance with the Helsinki Declaration and ethics approval was provided by the University of South Australia Human Research Ethics Committee.
Test areas and positioning
Subjects nominated their dominant side according to their response to the question-would you judge yourself to be more right-handed or more left-handed? TPD was then assessed at the neck, back, hand and foot on the side they nominated as dominant. Subjects lay prone, with their dominant arm pronated to enable assessment of the palmar aspect of the hand. Neck assessment was conducted with the neck in neutral position and the subject looking downward through the face hole of the plinth. The subject's feet were supported on a pillow placed under the ankles.
For the neck and back, clinicians were instructed to locate the spinous process of C7 and L3, respectively, and assess TPD horizontally out from the midline towards the subject's dominant side. For the hand, the clinicians were instructed to locate the pisiform on the palmar aspect of the hand and assess TPD distally along the hypothenar eminence. For the foot, clinicians were instructed to locate the base of the fifth metatarsal on the lateropalmar aspect of the foot and assess TPD distally along the lateral margin of the sole.
TPD assessment
All clinicians underwent a brief training session on the evaluation of TPD according to the method described by Moberg [25] . The sites of assessment were not marked because locating the site of testing was deemed to be a crucial part of TPD assessment. Mechanical sliding callipers (Duratech TA-2081) purchased from a hardware store were used (supplementary Fig. S1 , available at Rheumatology Online). The callipers have a precision of 1 mm and were applied with pressure sufficient to first blanch the skin. Assessment commenced with 0 mm between the two points and gradually increased until the subject discerned two points [9] . A series of five ascending and descending assessments, centred around the subject's TPD threshold, was conducted and the average of these assessments was analysed. Each clinician was given the opportunity to practise the technique at each of the four test areas on multiple subjects prior to commencing the trial.
Each subject was instructed to report after each application, 1 if they felt one point or 2 if they felt two points [25] . If they were unsure, they were instructed to report one point. The only feedback they were to give to the assessor was if they discerned two points because of a temporal delay between each point. When this occurred, that report was rejected.
Statistical analysis
Intra-and inter-rater reliability was assessed via intraclass correlation coefficients (ICCs) and Bland and Altman's 95% limits of agreement [26] . ICCs, used to determine the absolute agreement between assessments, were calculated using PASW Statistics 18 (v18.0.0, IBM Corporation, New York). A two-way random model was chosen because both the subjects and the clinicians were considered random effects [27] . ICC values were categorized according to Portney and Watkins [28] : 50.75 was interpreted as good reliability and <0.75 was interrupted as poor to moderate reliability.
BlandAltman plots were constructed using MedCalc (v12.2.0.0) to determine bias, variability and agreement. This method plots the difference between two measurements against the mean of the two measurements. The difference between any two measurements is expected to lay within the limits of agreement, i.e. 1.96 S.D. above or below the mean of the difference [29] . The actual width of these limits will have implications for the tool's clinical use. Prior to analysis, histograms displaying the difference between intra-and inter-rater measurements were inspected for normality, which is an assumption of the limits of agreement method [26] . Agreement, variability, bias and heteroscedasticity were assessed initially visually by examining the spread of difference scores in relation to the mean difference and 95% limits of agreement. Heteroscedasticity (whether the differences are dependent on the magnitude of the mean) was formally assessed by calculating the correlation coefficient between the differences and the means. Mean differences substantially different from zero are indicative of learning or fatigue effects [29] .
The effect of clinician experience on testretest reliability was investigated using an independent t-test. Because this was an exploratory analysis and we wanted to minimize the likelihood of a false-negative result, significance was set at a = 0.1. An arbitrary cut-off of greater than 5 years clinical practice was chosen a priori to categorize clinicians as inexperienced or experienced.
Results
Demographic data
Tactile acuity was assessed on 28 (11 male) healthy subjects by 28 (19 male) clinicians. Demographic data for both subjects and clinicians are shown in Table 1 . The mechanical callipers used in this study were purchased for AU$15.00. The total training duration was approximately 30 min and each individual assessment of TPD took approximately 3 min.
Normative values and reliability
Normative values and summary statistics are shown in Table 2 and Figure 1 . Intra-rater reliability at each of the four sites was good (ICC 0.840.96). Inter-rater reliability at the neck and foot was also good (ICC 0.780.82), and inter-rater reliability at the back and hand was moderate (ICC 0.620.66). The CIs were greater for inter-rater reliability than for intra-rater reliability, but were large for both. Interestingly, the lower bounds were all <0.75.
BlandAltman plots for the intra-and inter-rater performances are shown for each assessment site in Fig. 2 and the mean differences are shown in Table 2 . Differences were all judged to be normally distributed, which meant that the limits of agreement method could be used [26] . The mean differences in all plots were close to zero, suggesting that there was no systematic learning or fatigue effects. The plotted differences showed large variability, indicative of error, suggesting that TPD assessment is reliable but not precise. However, the plotted differences were spread evenly and randomly above and below the mean, suggesting homoscedasticity. Homoscedasticity was further confirmed by a lack of correlation between the absolute differences and the individual means for each of the comparisons. The experience of the clinician had no effect on TPD measures. That is, there were no effects of the independent t-test, even with a liberal a of 0.1 (P > 0.15 for all tested regions).
Discussion
The aim of this study was to determine, in a large cohort of clinicians with variable experience and minimal training, and in a clinically pragmatic fashion, the utility, intraand inter-rater reliability, bias and variability of TPD threshold assessment at the neck, back, hand and foot using hardware-style mechanical callipers. The results suggest that if the same clinician performs the test each time, TPD is a reliable measure across all four sites. This is important because tactile acuity is recognized as a clinical signature of cortical reorganization and TPD threshold is considered the key clinical assessment of cortical reorganization in rheumatology and musculoskeletal medicine [4] . The current results appear to endorse the use of TPD threshold as a method for a single clinician to evaluate tactile acuity and response to treatment. However, if different clinicians perform the test, the reliability becomes unacceptable, particularly for the back or hand. This means that pooling or comparison of TPD thresholds between patients becomes problematic if measures are taken by more than one clinician, which is often the case when patients see multiple practitioners.
Particularly relevant to clinical practice is the finding that clinical experience had no effect on TPD measures. Clinicians underwent basic training in the technique and had a chance to practise it, but this whole process took www.rheumatology.oxfordjournals.org 3 TPD threshold assessment at University of New South Wales on April 28, 2013 http://rheumatology.oxfordjournals.org/ less than 30 min. Some of the clinician cohort had extensive experience in assessing TPD as part of their usual practice, but they appeared to be no more or less reliable than the complete novices. This is encouraging insofar as the utility of any measure depends on how much the equipment costs and how time consuming and difficult it is to perform. The callipers used here cost about AU$15 each, the assessment took about 3 min and proficiency was obtained with minimal training. On the other hand, the lack of effect of experience is discouraging insofar as we can expect no improvement in reliability or precision with practice. On these grounds, TPD threshold assessment appears to be a useful clinical tool, but an imprecise absolute measure.
The large variability seen in assessment of all four regions was highlighted by the BlandAltman plots. Random error due to within-subject factors and clinician factors in TPD assessment has been reported extensively in the literature, with a focus on neurological assessment [1, 18] . Within-subject factors known to influence threshold measurement include age [24, 30] , skin temperature [31, 32] , epidermis thickness [33] , body hair [21] , patient cooperation [1] and fatigue [34] . Additionally, clinician factors such as the protocol [1] , tool [35] , skill and technique [21] , concentration [36] and application pressure [25, 37] contribute to variability. It is likely many of these factors, with the exception of the protocol, which was standardized here, contributed to the variability seen in this study, and would also contribute to variability in the clinic. As such, caution is advised because large changes in TPD threshold would need to be evident before they can be confidently attributed to a true change rather than variability of the measure (i.e. chance). For example, TPD threshold of the lower back in this study was about 55 mm, which corroborates the only other report we could find of normative values [23] . Discounting the larger variability seen in patient populations [38] , these values suggest that a change in TPD threshold would need to be in excess of 15 mm to be attributed to anything but error. According to our results, this minimal detectable change would increase to 24 mm for the neck. Future studies will clearly need to consider these limits when calculating sample sizes [29] .
A person's tactile acuity itself improves with practice. That is, twice-daily assessment of TPD resulted in a substantially reduced threshold over a 1-month period (Dressler 1894 cited in [18] ). Milerian and Tkachenko (1963, cited in [18] ) repeated Dressler's study in eight healthy subjects, noting similar improvement accompanied by consequent improvement in 15 remote sites distributed over both arms and back. Together these studies imply that repeated assessment over time constitutes a training effect and this improvement in tactile acuity could thus influence reliability. In patient populations with reduced tactile acuity, as little as 30 min of tactile training was sufficient to induce a significant improvement in TPD threshold, which was maintained for up to 48 h [16] . Godde et al. [39] found that 2 h of tactile training induced significant improvements in TPD, but 30 min of training was insufficient, and Finnell et al. [35] found no learning effect with repeated TPD assessment in the fingertip. Thus it seems that the learning threshold for tactile acuity lies somewhere between a repeated assessment and about 30 min of training. Normative values have been reported for TPD on the neck and back [23] , but to our knowledge, the current data represent the first normative data for the volar aspect of the foot and the palmar aspect of the hand in an adult population. The intra-and inter-rater reliability of TPD assessment at the fingertip has been debated in the literature. Drawing comparisons between studies is difficult because they vary in their choice of tools, their protocol, their statistical analysis and the sample used for subjects and clinicians. The Disk-Criminator is the most widely reported tool in the reliability literature [20] . Finnell et al. [35] reported high inter-rater reliability (k = 0.791.00) in healthy subjects, but used a protocol whereby TPD was assessed at four intervals (4, 5, 6 and 8 mm) and was only powered to detect a 25% difference between assessors. Novak et al. [40] also reported similar high inter-rater reliability (ICC 0.989) in a mixed sample of healthy, blind and nerve-injured persons, and Dellon et al. [41] reported good inter-rater reliability (r = 0.9170.961) in a sample of nerveinjured patients but used the interclass coefficient, thus assessing association rather than agreement [42] . In contrast, Rozental et al. [43] reported only slight to fair interrater (k = 0.120.22) and intra-rater (k = 0.090.24) reliability, suggesting that the discriminator was an unreliable assessment in healthy subjects. The paperclip was only reported in one study, where the authors suggested it as a cheap, readily available alternative to the Disk-Criminator and noted that, when calibrated, it provides similar results [35] . Despite the lack of consensus as to whether it is reliable, the Disk-Criminator is only suitable for assessment of regions with dense innervation. Accurate measurement (1 mm increments) is limited to between 0 and 15 mm, hence it is not suited to assessment of any of the regions assessed in this study. Tools such as mechanical callipers or compass-style tools such as that used by Nolan [21] appear to be more appropriate for assessment of the limbs and body.
In the present study, TPD assessment was conducted under conditions similar to those encountered in clinical practice. The test protocol was standardized but not monitored. Each subject was assessed by each clinician on only two occasions and we did not attempt to control for environmental conditions such as the ambient temperature of the room. Follow-up assessment of TPD threshold was not practical given the number of clinicians and subjects involved and hence the findings are only generalizable to assessments taken on the same day. It is plausible that reassessment over time could show larger variability due to fluctuation of within-subject factors or systematic learning, but future research will need to address this issue. The sample was also limited to young healthy subjects, as we controlled for age by excluding persons older than 35 years. As both age [24] and pain are associated with larger error margins [38] , it is also plausible that older persons and persons in pain will have even greater within-subject variability, despite clinician factors remaining stable. We chose specific regions that are commonly assessed in clinical practice and research. Although we would predict that the values for the back would be replicated at nearby segmental levels, or the values for the foot would be replicated on the dorsal or medial surface, we cannot be sure.
In conclusion, clinicians with variable experience and minimal training are able to quickly and reliably assess TPD threshold at the neck, back, hand and foot Intra-and inter-rater reliability of TPD assessment is shown for (a) the neck and back and (b) the hand and foot. The difference in TPD measurements (y-axis) is plotted against the mean TPD measurement (x-axis) with the mean difference (bias) (continuous line) and 95% CI of the mean difference (limits of agreement) (dashed lines). using hardware-style, inexpensive mechanical callipers. Measures obtained by different clinicians were only reliable for the neck and foot. Large variability was observed in all assessments, which suggests we should be cautious when interpreting changes in tactile acuity in individual patients. Researchers also need to account for this variability when calculating suitable sample sizes. Limited reassessments in healthy subjects do not appear to induce a training effect, but further research is needed to assess whether repeated assessments over time will influence reliability.
Rheumatology key messages
. Cortical reorganization and altered tactile acuity are both associated with chronic pain conditions including osteoarthritis. . Individual clinicians can reliably assess TPD thresholds at the neck, back, hand and foot using callipers. . Inter-rater comparisons of TPD are only reliable for the neck and foot.
